Brain amyloid depositions are the main hallmark of Alzheimer's and other protein misfolding diseases. Since they are believed to precede clinical symptoms by several years, imaging of such fibrillar aggregates is particularly suitable to diagnose the onset of the disease in its early stage and monitor its progression. In this context, near infrared (NIR) imaging has been proposed as a promising and noninvasive method to visualize amyloid plaques in vivo because of its acceptable depth of penetration and minimal degree of tissue damage. In this tutorial review, we describe the main chemical and physicochemical features of probes associated to fluorescence emission in the NIR region. The review focuses on the recent progresses and improvements in the development of small-molecule NIR fluorescent probes and their in vivo application in living animals. In addition, the possible therapeutic application of NIR probes to block the pathological aggregation process will be discussed, raising the fascinating possibility of their exploitation as theranostic agents.
Introduction
In the last decades protein misfolding diseases (PMD), characterized by the structural change of normally expressed proteins to amyloidogenic conformations, have come to public and scientific attention due to the fact that they are increasing enormously in developed countries and becoming a serious problem in terms of health and economic costs. 1 Alzheimer's disease (AD), prion diseases (PrDs), Parkinson's disease (PD) and amyotrophic lateral sclerosis are prominent examples of PMDs, in which the misfolded proteins trigger the degeneration of brain tissue. Among them, AD is the most common type of dementia characterized by a progressive cognitive decline and loss of the ability to learn, reason and communicate. One of the main hallmarks of AD is the formation and accumulation of proteinaceous aggregates known as β-amyloid (Aβ) plaques. These amyloidogenic deposits consist mainly of two peptides, Aβ 40 and Aβ 42 , resulting from the proteolytic cleavage of the transmembrane glycoprotein amyloid precursor protein (APP). Aβ peptides are rich in β-sheet secondary structures, which are insoluble and resistant to proteolytic digestion and tend to aggregate in plaques. Although plaques have long been associated with the diseases, the soluble oligomeric forms represent the toxic species leading to neuronal death and to the disruption of memory. 2 Despite numerous efforts and an exponential growth in investment, treatments able to definitely arrest the course of this disease do not exist to date. The lack of effective drugs in the market is due to the fact that the aetiology of AD is not well understood and consequently no therapeutic targets have been validated. Another important motive for the high attrition of drugs in the clinic is related to the poor predictive power of animal models for efficacy in humans. 3 Furthermore, the failure of many drug candidates has been attributed to their administration at a late stage, when the pathology is too advanced. On these bases, the development of proper biomarkers for early diagnosis and disease monitoring appears to be critical for an efficacious therapy. In this context, it is relevant to note that Aβ depositions are believed to precede clinical symptoms by several years. 4 Consequently, in vivo imaging of Aβ is particularly suitable for identifying individuals at risk and in the early stages of AD. Congo Red (CR), thioflavin T (ThT) and other dyes are widely used for post-mortem AD diagnosis through the histological stain of amyloid fibrils and in the evaluation of PET ligands. Through the years, great strides forward have been made in the field of molecular imaging with the aim of detecting abnormal proteinaceous deposits in vivo. Generally speaking, MRI (magnetic resonance imaging) and PET (positron emission tomography) are the most used imaging techniques in clinical settings. However, MRI has too low a sensitivity for amyloid imaging, and PET has some serious limitations due to its high cost, the scarcity of the required isotopes and practical limitations in their use associated to the need to prepare and use them within the short half-lives of the radioactive atomic species (20 min in the case of 14 C and 110 min for 18 F). 5 In addition, PET has not found practical application for monitoring drug effectiveness in mice because of the complexity of the experimental procedure and data analysis protocols required for small animals. On the other hand, fluorescence spectroscopy has proven suitable for studying fibrillar aggregates.
There is a growing interest in fluorescence spectroscopy as a non-invasive alternative for early diagnosis that enables the real-time visualization of biomolecules in living systems. It is a versatile and sensitive method that leads to a rapid, inexpensive and non-radioactive imaging system. 5 It is important to remark that for their potential in vivo application, fluorescent probes have to possess proper features including the ability to emit fluorescence in the far-red or near-infrared (NIR) region (600-900 nm). In fact, NIR light is particularly suitable to be used for in vivo imaging of molecular processes due its acceptable depth of penetration, non-invasive operation, minimal interferences from auto-fluorescence of biological matter and minimal photodamage to biological samples. 6 Furthermore, in this spectral range the absorption of fluorescence signals by body tissues are minimal. Recent studies indicate that the NIR-IIa window (1300-1400 nm) is particularly promising in this regard because the scattering coefficient of brain tissue is particularly low in this region (2.54 mm -1 at 1350 nm vs. 7.49 mm -1 at 800 nm), although the exploration of this possibility has barely begun. 7 So far, NIR fluorescent probes have been mainly used in the oncology field for imaging tumours, both in vivo and in vitro. They are also extremely useful to visualize and monitor Aβ plaque formation and to evaluate the effectiveness of drug treatment in animal models and they are therefore considered an attractive and promising diagnostic tool for AD. Nevertheless, a note of caution is needed in this regard since correlation between AD status and amyloid accumulation is weak and these biomarkers are currently limited to monitor progress in individuals, providing only good negative AD diagnosis. 8 AD PET probes have found the same limitations, and they are regarded as being able to rule out AD, but not confirm it. To our knowledge, very few reviews are available about the design strategies and bioimaging applications of NIR sensors, and they only cover the literature up to 2010. 9, 10, 11, 12 Recently, Guo and coworkers published a review on the advances made in the development and use of NIR fluorescent probes for tracing important intracellular species such as reactive oxygen species (ROS) and reactive nitrogen species (RNS), metal ions and anions, enzymes and other related species, as well as intracellular pH changes, without mentioning Aβ plaques. 13 Another review by Lin et al. is focused on improvements related to physicochemical properties of NIR probes, classifying them into different categories according to their organic structure. 14 However, none of these existing reviews cover the imaging of fibrillar aggregates by NIR techniques. The application of NIR imaging in neurodegenerative diseases is challenging due to the fact that Aβ plaques are located into the skull-shielded brain. Indeed, fluorescencebased optical imaging of the brain of small animals in traditional near-infrared regions has previously relied on craniotomy, cranial windows and skull-thinning techniques. Since the resolution of optical imaging decreases with increasing depth of the source of fluorescence emission because of fluorescence scattering in the biological environment, quantification of the amyloid load by NIR imaging is limited to the surface area of the brain.
The development of modern and efficient optical imaging systems such as fluorescent molecular tomographic (FMT) imaging and the hybrid technique known as FMT-CT (X-ray computed tomography) imaging have enabled the in vivo visualization of Aβ plaque distribution in AD mice with an intact cranium. Nevertheless, mice do not develop the same neuropathological or clinical characteristics seen in humans, and therefore amyloid aggregates in transgenic mouse models are different to those observed in AD patients, thereby hampering the translation into clinics of diagnostic or therapeutic findings done in these models. 3 Although further technological improvements are needed and it is not likely that the entire human brain can be visualized using optical methods, it has been proposed that it will be feasible in the near future to probe the brain cortex at depths up to 3-5 cm. 15 This should be sufficient for obtaining diagnostic information on AD patients, taking into account that most of the amyloid depositions are placed on the neo-cortical surface, although the problem of non-specific binding to white matter has to be taken into account. 16 Another possible approach to NIR AD imaging could be based on the use of parts of the central nervous system (CNS) that are not shielded by the skull and can therefore be considered physiological skull windows. For instance, the retina, which is easily accessible for direct and non-invasive imaging, could provide a unique opportunity for early diagnosis of AD in animal models and humans by exploiting NIR imaging. Thus, recent findings demonstrated the presence of Aβ plaques in the retina, of AD patients with similar biochemical properties of those observed in their brains, 17 and curcumin was shown to bind these plaques and allow their visualization in vivo at high resolution. 17 Unfortunately, Schon et al. could not find any evidence for the presence of Aβ plaques in retina of transgenic mice or AD patients, challenging the results of the previous work. 18 On the other hand, they were able to detect fibrillar tau aggregates in vivo in transgenic mice retina, whereas only hyperphosphorylated (but not fibrillar) tau was observed in AD human retina. 18 The olfactory epithelium, being also an extension of the brain, can be viewed as an optimum target for NIR imaging. It is interesting to note that the presence of neurofibrillary tangles was confirmed by staining, whereas no Aβ deposits could be observed in this region. 19 In this review we will focus on small-molecule NIR probes used to image amyloidogenic deposits in vivo, highlighting the most recent progress toward the evaluation of new sensors with enhanced spectroscopic and physicochemical properties. In addition, the possible therapeutic application of NIR probes to block the pathological aggregation process will be discussed. 4 In biomedicine, a theranostic agent is described as one endowed with both therapeutic and diagnostic features. 20, 21 The principles governing the design of theranostic agents against neurodegenerative diseases based on NIR emission will also be discussed.
NIR fluorescent probes
There are two potential approaches to NIR imaging involving the use of fluorescence emission nanoparticles (quantum dots) or in vivo imaging tracers. The former present advantageous spectroscopic properties compared to organic fluorophores, since they show narrower emission spectra without tailing at longer wavelengths and they have a high Stokes' shift. In the context of this review, changes in the state of aggregation of amyloid fibrils in the presence of NPs presenting a core of CdSe and a shell of ZnS have been demonstrated. 22 Similarly, single-wall carbon nanotubes containing a fluorescent sensor (IRDye800) have been proposed for the fluorescence imaging of mouse cerebral vasculature without craniotomy. 7 Nevertheless, quantum dots and carbon nanotubes pose a number of health risks, even at very low concentrations, including cell damage, cell apoptosis and alterations in renal function. 23 The rest of this review will be focused on small molecule tracers. Since the discovery of amyloid depositions more than a century ago, several fluorescent dyes with high affinity for the amyloid species have been generated for the post-mortem diagnosis of AD and other PMDs. 24 Nevertheless, most conventional dyes cannot translate into clinical diagnostic tools because of their low specificity, poor sensitivity, inability to cross the blood brain barrier (BBB) and marked toxicity. Many efforts have been done to overcome these drawbacks with the purpose of obtaining an optical marker to be used for in vivo imaging of Aβ plaques. To this end, NIR probes have been proposed as ideal candidates. Apart from the ability to emit fluorescence in the NIR region, 6 these probes must possess additional features including: (1) specificity to Aβ plaques, (2) ability to change fluorescence properties upon binding to fibrils, (3) high-affinity binding, (4) high fluorescence quantum yield, (5) large Stokes shift, (6) minimum interference from human serum albumin (HSA) binding, (7) small molecular size and a suitable lipophilicity, enabling the molecule to cross the BBB, and (8) low toxicity.
25,26
Molecular design for emission in the NIR region
If the suitable amount of energy is given to a molecule, electrons can be promoted from an occupied, low-energy molecular orbital to an empty, higher-energy one, giving rise to a transition that corresponds to an absorption band in the spectrum. For a large number of organic compounds, energy is then dissipated by collision with solvent molecules. In the case of fluorescent compounds, electrons from the excited state return to the ground state by emission of photons, the latter phenomenon being known as fluorescence, because the electrons of the excited and ground states are paired (singlet state). The smallest possible difference in energy between a full and an empty orbital is the one existing between the highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO), called the HOMO-LUMO gap, which is closely correlated to the absorption and emission wavelengths. In fact, for a low energy gap a red shift in absorption and emission spectra would be expected. In line with these considerations, NIR probes have been designed with the aim of reducing the HOMO-LUMO gap of existing amyloid dyes. This can be achieved by extended conjugation, and therefore conjugated π systems are ideal scaffolds for the construction of NIR probes and a change of the conjugation length represents an effective way to tune the energy gap level. However, achieving NIR emission by conjugation alone would require the construction of prohibitively big molecules. A very common strategy used to lower the HOMO-LUMO gap of a conjugated π system is based upon the presence of electrondonor (D) and electron-acceptor (A) groups as terminal moieties in order to generate a "push-pull molecule". In its ground state, such a D-A molecule can be described by two resonance forms, one of which is neutral and the other one is zwitterionic ( Figure 1 ), with the latter form being a better representation of the excited state. Due to the presence of the A and D groups, the whole conjugated system is more polarized and, in terms of energy, the ground state is closer to the excited state. Therefore, less energy is needed for the absorption and emission transitions and thus a bathochromic shift is observed. It is important to remark that obtaining the desired shift depends on the electronic features of D and A. The electron donor group must possess a lone pair of electrons in a π orbital able to interact with the π-molecular orbitals of the conjugated system increasing the HOMO energy. On the other hand, the LUMO orbitals are made more stable by the interaction with the antibonding orbitals of the π electron-withdrawing group. Both concomitant effects lead to reduction of the HOMO-LUMO gap. Among the π-electron donor groups, dimethylamino (NMe 2 ) is widely regarded as the best red-shift absorption-pushing group, whereas the formyl and cyano moieties are considered optimum acceptors. Moreover, pH can also influence the bathochromic shift of push-pull molecules. In a medium with pH around 7 the neutral form is generally dominant, often showing short absorption/emission wavelengths due to the weak push-pull system. In acidic conditions, an ionic form having a strong push-pull system become dominant and a red shift in absorption/emission is observed. 27 A donor-acceptor-donor (D-A-D) architecture is preferred when two photon microscopy (TPM) bioimaging is applied. 28 TPM has some advantages compared to one photon microscopy including increased depth penetration by exciting at a longer wavelength, enhanced 3D resolution and reduced photodamage. Unfortunately, the technique is invasive in vivo and cannot be used in the clinic. 29 TPM features a nonlinear dependence between absorbed light and incident light intensity, since in two-photon absorption (TPA) processes two photons are absorbed with a probability that is proportional to the square of the incident light intensity. 28 Considering that TPA efficiency depends on the conjugation length and D/A strength, a D-A-D system furnishes higher TPA cross sections (a measure for the probability of an absorption process) than a D-A molecule. Another important factor that must be considered for the reduction of the energy gap is the bond length alternation (BLA). BLA is the length difference between consecutive single and double bonds and its value quantifies the delocalization of electrons across the whole molecule. In fact, in a conjugated system a single C-C bond has a partial double bond character due to the overlap of the π orbitals, and hence its length is slightly shorter than a standard single bond (154 pm) and closer to a double one (134 pm). Furthermore, because of this overlap it becomes harder to rotate this "formal single bond" and the molecular structure tend to adopt a planar conformation. Based on these considerations, if the BLA is close to zero it means that there is a great overlap among the π orbitals and consequently the system is highly conjugated and the electrons very delocalized, leading to a reduction of the HOMO-LUMO gap. In push-pull molecules, the presence of D and A leads to an increase of the double-bond character of the C-C bonds, resulting in a reduction of the BLA value as well as the energy gap.
As mentioned above, π orbitals overlap and combine better if the molecule is planar. In this way, a big molecular orbital over the whole molecule is generated that allows a strong π conjugation and a great delocalization of the electrons. This effect explains why the fluorescent emission maximum of compounds in their solid state is observed at longer wavelengths with regard to those obtained in solution. Indeed, in the solid state the free movements of a molecule are restricted resulting in a more rigid conformation, whereas in solution it possesses a substantial degree of conformational freedom. Planarity is a common structural feature of fluorescent molecules, but it is not a requirement, and excited states have been proved to be non-planar in some cases, such as thioflavin T. 30 In the case of molecules containing aromatic rings linked by ethylene chains, which is the most common structure for amyloid probes, a change in the geometry of the molecule from the ground to the excited state is accompanied by a red shift in the fluorescent emission, together with a broadening of the spectrum. Furthermore, the donor-acceptor energy transfer effects may be enhanced by such changes in the excited state geometry. Upon binding to aggregate β-amyloid proteins, fluorescent probes normally show shifts of their emission maxima and an increase in the fluorescent quantum yield. These effects are similar to those found upon an increase of viscosity of the medium and are due to conformational changes, since when the molecule is in unbound condition, e.g. in solution, free rotation around the single bonds is allowed, whereas upon binding to fibrils, where these movements are restricted and its rings are held rigidly, it becomes more planar, triggering a change in the HOMO-LUMO gap and a concomitant shift in the absorption maximum. In addition, in such a rigid system the vibrationalrotational processes that couple the excited and the ground state are reduced and therefore the radiationless decay rate decreases, giving rise to an enhancement of the fluorescent yield. As previously mentioned, fluorescence quantum yield enhancement upon binding to fibrils is a desirable feature for a probe, in order for its fluorescence to be clearly distinguished from that of the background.
In summary, different factors influence the π* → π transition reducing the energy gap between HOMO-LUMO including the extension of the conjugated system, the introduction of electron donor and acceptor moieties, the bond length alternation and the degree of planarity. Building on this knowledge, several fluorescent NIR probes have been designed to stain amyloid plaques.
NIR probes imaging amyloid plaques in vivo

NIAD-4 and related compounds
NIAD-4 (1) is considered a milestone, as it was one of the first NIR probes used to image β-amyloid plaques in vivo. 25 NIAD-4 was designed by merging the chemical features of CR and ThT, as well as considering all the points outlined in the previous chapter to generate a biomarker able to emit fluorescence in the NIR region. It presents the classical pushpull architecture in which a p-hydroxyphenyl group (D) and a dicyanomethylene group (A) are connected by a dithienylethenyl π-conjugated bridge making the whole molecule highly polarizable. The introduction of an aromatic π system was dictated by the fact that it can provide hydrophobic interactions to bind the surface of the amyloid fibrils. It is interesting to note that compound 1 changes its fluorescent properties upon binding to fibrils. Indeed, in the presence of synthetic aggregated β-amyloid proteins, the dye showed a noteworthy red shift (absorption above 600 nm) and the binding was accompanied by a strong enhancement (400 fold) of the fluorescent intensity (Figure 2 ). The potential of NIAD-4 as an amyloid sensor was first assessed by a binding study in vitro. Its binding constant, evaluated from competition binding assays, was in the two-digit nanomolar range (K i = 10 nM), showing that NIAD-4 has a much higher affinity than ThT (K i = 580 nM). Finally, the dye was tested in vivo in transgenic AD mice with a cranial window to allow direct monitoring of the brain surface by multiphoton microscopy. The biomarker turned out to be able to cross the blood brain barrier (BBB) after intravenous injection and bound with high specificity to Aβ plaques in the living brain, allowing their easy detection due to its intense red fluorescence. This specific binding was then confirmed ex-vivo, by the histopathological studies on the brain slices of the sacrificed mice.
Despite the high labeling specificity of 1 for Aβ plaques, its emission wavelength falls just in the NIR region and the imaging method used was invasive. To this respect, new NIR smart probes with improved optical properties coupled with advanced and less invasive technologies were needed. With this in mind, the same authors developed two NIAD-4 derivatives termed NIAD-11 (2) and NIAD-16 (3) that showed enhanced spectral characteristics as well as quantum efficiency (Fig. 3) . 31 Compound 2 bears an additional hydroxyl group in the phenyl fragment to reinforce the pushing effect, connected to a benzothienyl ring instead of thiophene. This dye upon binding to fibrils showed a considerable fluorescent quantum yield 10 fold superior than the unbound form, together with an exceptional emission maximum above 700 nm. Compound 3 was obtained by replacing the terminal hydroxyl group of NIAD-4 with a dimethylamino group that resulted in a bathochromic shift of the emission maximum (λ em = 720 nm).
Methoxy-X04 and polythiophenes
In an effort to overcome the drawbacks encountered by conventional dyes, a CR derivative, named methoxy-X04 (4) (Fig. 4) , was designed with a lower molecular weight, increased lipophilic character and uncharged to provide a much higher brain permeation than its predecessor. 32 Methoxy-X04 has nanomolar affinity to fibrillar aggregates in vitro and selectively binds Aβ plaques in brain slices of AD patients. Due to its fluorescence, it was injected into transgenic mice that overexpressed amyloid lesions and imaged by TPM on open skull. The biomarker could distinguish amyloid depositions at high resolution, as confirmed by ex vivo analysis.
Although not structurally related, we will now mention luminescent conjugated polythiophenes (LCPs) because they were also evaluated for their use in optical imaging of amyloid deposits by multiphoton spectroscopy. 33 LCPs exploit their conjugated polymer backbones to emit fluorescence with high quantum efficiency. For instance, in the case of PTAA (polythiophene acetic acid, 5) (Fig. 4) , different emission spectra were observed depending on the conformation of the protein. PTAA, due to the planar conformation that adopts when binding to amyloid fibrils, emits a strong orange-red light (λ em = 590 nm) allowing the detection and discrimination of amyloid deposits from the rest of brain tissue of AD patients (blue autofluorescence) observed by confocal microscopy. 33 Aβ plaques were also visualized in vitro with this biomarker by Methoxy-X04 (4) using TPM upon excitation at 820 nm, with high sensitivity and contrast between the signals from the amyloid deposits and the surrounding tissue.
Boron dipyrromethane (BODIPY)-based fluorescent probes
In search for novel NIR probes, Ono et al. focused on the boron dipyrromethane (BODIPY) moiety, since it constitutes the scaffold of many dyes used for biological applications. 34 They combined the BODIPY fragment with a portion of NIAD-4 (2-phenylthiophene), obtaining an extended conjugated system that they called BODIPY7 (6) (Fig. 5a) . 35 This derivative showed a high affinity for Aβ aggregates (K i = 108 nM) in vitro and stained selectively amyloid plaques in brain tissue sections of AD transgenic mice. Regarding its optical features, compound 6 displayed a high fluorescent quantum yield and an absorption/emission wavelength at 606 and 613 nm, just in the NIR range. Nonetheless, the low brain uptake of BODIBY7 did not allow its application in vivo, thereby it was modified to overcome this limit and to further red-shift its absorption/emission maximum. A new BODIPY-based probe was generated (BAP-1, 7) employing a classical push-pull architecture where a BODIPY unit, which represents the acceptor, was connected to a dimethylamino styryl group, the donor. 36 As expected the new probe absorbed and emitted light in the NIR region (604/648 nm) accompanied by a high fluorescent quantum yield. In addition, compound 7 confirmed very high affinity for Aβ aggregates (K i = 44.1 nM) in vitro. Furthermore, ex vivo experiments were carried out in order to prove the ability of 7 to cross the BBB and selectively label amyloid fibrils. Transgenic mice (Tg2576) that overexpress Aβ plaques were used, as well as wild type mice as control After injection of 7 into the two types of mice, higher fluorescent signals were observed on the brain of the Tg2576 mice than that of the control ones (Fig. 5b) . Despite the high binding affinity to amyloid fibrils, compound 7 did not meet the ideal requirements to be used in vivo due to its nonspecific accumulation in the scalp. Starting from these results, the chemical structure of 7 was modified with the aim of obtaining higher resolution imaging of Aβ plaques in vivo. Replacing the phenyl group with a thiophenyl or furanyl group, four novel BODIPY derivatives (BAP 2-5, 8-11) were generated (Fig. 6) . 37 All the compounds exhibited longer absorption and emission wavelengths maintaining high affinity and selectivity for Aβ aggregates in vitro. Since biodistribution experiments showed that compound BAP-2 (8) had good uptake into and fast washout from the brain, it was selected as a candidate for NIR imaging in vivo. This probe was injected into transgenic mice that overexpressed Aβ plaques. After two hours, the analysis of the mice brain section revealed that compound 8 penetrated the BBB and selectively bound the fibrils. On the other hand, in vivo imaging of transgenic mice and an age-matched control did not show a significant difference in fluorescence intensity, which was attributed to accumulation of the compound 8 in the scalp due to its affinity for lipids located in that tissue.
In the light of these findings, the conclusion emerged that, although BAP-2 possessed many features of an ideal NIR probe, further improvements were needed for its in vivo application.
AOI-987
A major achievement in the field was the generation of AOI-987 (12) (see its structure in Fig. 7 ) that allowed the visualization of β-amyloid plaques in vivo in a non-invasive way. 38 AOI-987 is an oxazine dye characterized by its relatively low molecular weight (427 Da) and high lipophilicity that enables the compound to cross the BBB. Due to its conjugated structure, it showed good spectral properties with both absorption and emission maximum in the NIR region, at 650 and 670 nm respectively, whereas it displayed a slight fluorescence intensity decrease instead of an enhancement of the quantum yield upon binding with Aβ aggregates. To assess the value of AOI-987 as amyloid sensor, its ability to specifically bind Aβ fibrils was evaluated in vitro showing a binding constant of 0.2 µM. Furthermore, compound 12 turned out to be capable of staining amyloid plaques in infected brain slices of AD mice with high selectivity. Altogether, these results suggested the application in vivo of AOI-987. To this end, NIR imaging was used to visualize Aβ fibrils in living APP23 transgenic mice. These mice overexpress amyloidogenic deposits that started to appear at the age of 6 months and grew with the age in terms of number and size. Following i.v. administration of AOI-987 (12) into APP23 mice, an intense fluorescence signal was detected in the brain, significantly higher than that observed in wild type mice validating the feasibility of specific plaque labeling in vivo (Fig.  7) . Furthermore, in order to assess the ability of 12 to quantify the amyloid plaque load, transgenic mice were analysed at different disease stages showing an enhancement of the fluorescence intensity with age. It is important to note that amyloid plaques were observed without the need for any cranial windows. Afterwards, the specific labelling of Aβ was confirmed by ex-vivo analysis on the brain slices of the mice, which were prepared immediately after obtaining the images.
The NIR technique used to capture mice images is known as reflectance fluorescence imaging (RFI), a system that has been shown to be particularly suitable for fast imaging but has limited depth resolution beyond (3-5 mm from the surface) and is not quantitative. 15 Despite these limitations, AOI-987 was the first successful NIR probe for non-invasive in vivo detection of Aβ plaque formation in AD animal models. Using a NIR device, it was demonstrated that this compound was able to distinguish transgenic mice from wild type mice as well as monitor disease progression. 
CRANAD-2: A curcumin compound
Curcumin is the principal component of turmeric, a popular indian spice belonging to the ginger family (Zingiberaceae). Curcumin (see its structure in Fig. 8 ) has a broad spectrum of anti-inflammatory, anti-oxidant and anti-fibrilogenic activities. In addition, this natural compound has been shown to reduce both oxidative damages and Aβ plaques accumulation in vitro and in rat models. Nevertheless, structural modifications of curcumin are required since it induces severe diarrhea at the dosage required to reach therapeutic plasma levels in humans, it is cytotoxic to most human cell lines at 50 µM and is teratogenic for several species. Due to its fluorescence properties, curcumin was used to image Aβ plaques in vivo using AD transgenic mice. It was demonstrated that curcumin crosses weakly the BBB and after 7 days of daily administration senile plaques were observed by multiphoton microscopy. 39 Although curcumin did not have ideal spectral features and the detection technique used was invasive, it was considered as a starting point to design and generate new fluorescent probes endowed with potential for imaging amyloid plaques in vivo by NIR imaging methods. In this connection, Ran et al. reported the design, synthesis and spectroscopic evaluation for in vivo application of a curcumin derivative named CRANAD-2 (13) (Fig. 8a) . 26 Compound 13 was purposely designed with the aim of pushing its emission fluorescence into an ideal NIR spectral range. The authors started their investigation from the well-known reaction between curcumin and boric acid to give rosocyanine. This compound is constituted by two curcumin moieties connected by a borate ring, which confers to its solutions a bright red colour due to the π-π* transition of a lone pair of electrons from the central oxygen to the empty orbital of boron, giving rise to an absorbance red shift. In addition, the difluoroboronate ring constitutes the central core of red-shifted bodipy dyes. 40 Thus, it was deemed reasonable that the introduction of a difluoroboronate moiety into curcumin could provide a favourable bathochromic shift of the absorption and emission wavelength. This effect was further reinforced by replacing the phenolic hydroxyl groups of curcumin with an N,N'-dimethylamino group that is regarded as one of the best groups for red-shifting the absorption, leading to the design of compound 13. This molecule had a suitably high Stokes shift and, as expected, both absorption (λ ex = 640 nm) and emission (λ em = 805 nm) maxima, measured in PBS, fell in the NIR region (Fig. 8a) .
The affinity of 13 for synthetic Aβ aggregates was explored in vitro. Remarkably, the molecule "turned on" in presence of amyloid fibrils showing a significant enhancement of its fluorescent intensity (70-fold), a critical requirement for an ideal NIR sensor. On the other hand, its binding affinity to Aβ aggregates was of 38.69 nM, much higher than that of ThT and AOI-987 (12) and similar to that of NIAD-4 (1). Furthermore, the ability of CRANAD-2 to specifically detect amyloid deposits was confirmed by in vitro staining of AD brain slices.
In order to investigate the possibility of using CRANAD-2 for in vivo imaging, further experiments were carried out. It was demonstrated that 13 interacted weakly with bovine albumin, was stable in human serum and crossed the BBB in vivo. In view of these results, this molecular probe was injected into transgenic mice that expressed significant concentration of Aβ fibrils. Higher fluorescent signals were observed in these transgenic mice with regard of those found in control mice, confirming the feasibility of monitoring the progression of Aβ fibril formation by NIR imaging. Finally, the penetration through the BBB and the selective binding to senile plaques were confirmed by ex vivo histological studies on the brain sections of the sacrificed mice (Fig. 8b) .
In a nutshell, CRANAD-2 fulfilled most of the requirements for a NIR probe, and was shown to enter the brain and label specifically Aβ plaques allowing their imaging in vivo. Nevertheless, also in this case the NIR imaging technique employed was fluorescence reflectance, which is characterized by a low penetrating depth (< 1 cm) and a low resolution.
CRANAD-58
It is important to remark that during the progression of the disease, Aβ fibrils coexist with soluble Aβ species. Indeed, it is believed that the onset of AD is characterized by the excessive accumulation of soluble Aβ monomers that gradually tend to aggregate into toxic dimers and oligomers, leading to the formation of the amyloid plaques. 41, 42 On this basis, Zhang et al. developed CRANAD-58 14, which has been shown to be able to detect both species of Aβ and thus offers the unique opportunity of monitoring the AD progression since its very early stage. 43 The rational design of this compound started from the assumption that the interaction between CRANAD-2 (13) and Aβ fibrils takes place through a specific binding site that consists of an hydrophilic and hydrophobic segment that have been termed HHQK and LVFF. To the contrary, interaction with Aβ monomers resulted quite weak. This was due to the fact that 13 could not match the hydrophilic portion of the binding site. Since it was demonstrated that half of its molecule binds strongly to the LVFF hydrophobic segment of Aβ monomers, the other half was replaced with a similar moiety containing a hydrophilic pyridyl ring, giving rise to the generation of CRANAD-58 (14), a non-symmetric curcumin analogue (Fig. 9) . Compound 14 showed ideal excitation and emission peaks at 630 and 750 nm, respectively, and a dramatic enhancement of the fluorescent quantum yield was observed upon mixing Aβ soluble species including monomers, dimers, oligomers as well as fibrillar plaques. Furthermore, it has been shown to distinguish coexisting soluble and insoluble amyloid peptides due to different emission peak shifts related to the content of monomeric and aggregated Aβ species.
In order to assess its potential as an Aβ ligand in the central nervous system (CNS), compound 14 was tested in vivo in transgenic AD mice after having evaluated its BBB permeability. It is important to note that the APP/PS1 mice used for the experiments did not produce Aβ plaques before 6 months of age. Therefore, to study the ability of the dye to detect Aβ soluble species, 4-month old APP/PS1 mice were used. Fluorescence signals from the brains of such mice were much higher than those from wild-type mice, suggesting that monomeric Aβ species are dominant during the initial stage of AD. In the light of these findings, CRANAD-58 (14) was regarded to be particularly suitable for the NIR imaging and detection of Aβ soluble species, representing a feasible way to monitor AD progression since its onset. Nevertheless, current fluorescence microscopes do not have enough resolution to allow visualizing the morphology of the soluble species, and therefore it is technically not possible to validate the binding between compound 14 and the soluble Aβ peptides in vivo and ex vivo.
THK
An important breakthrough in the search for novel NIR probes to be used in vivo was achieved with the discovery of THK-265 (15) . 44 This compound was identified through a virtual screening of NIR candidates and has the advantage of being commercially available. Compound 15 is formed by two thiobarbituric acid units connected by a pentadienylidene chain, forming an extended conjugated system after oxo-enol tautomerism at one of the lactam groups. It showed suitable spectroscopic properties, with an emission maximum at λ > 650 nm and a high fluorescent quantum yield (38.5% in methanol). Importantly, a fluorescent binding assay revealed a strong affinity to Aβ aggregates, higher than that of ThT and AOI-1987 (12) , which was confirmed by a fluorescent staining on AD brain slices, and showing an enhanced fluorescence intensity upon binding to fibrils. Since the dye 15 also exhibited a low toxicity and a good brain uptake, its capability of visualizing Aβ plaques was explored in vivo. Thus, the compound was intravenously injected into AβPP-transgenic mice that overexpressed senile plaques and the fluorescent signal intensity observed was significantly higher than that detected in wild type mice. It is important to note that the discrimination between the specific probe accumulation in transgenic mice and the nonspecific probe accumulation in control mice was achieved almost immediately after the injection of 15, whereas in the case of AOI-1987 (compound 12) a quite long time was required to observe differences between the two types of mice. Again, all the results obtained in vivo were validated ex vivo, confirming the ability of this compound to cross the BBB and selectively label Aβ plaques.
In the light of these findings, Schmidt et al. developed a systematic protocol to image and quantify amyloid fibrils in transgenic mice at different disease stages using THK-265 as NIR probe. 45 All the experiments were carried out involving AβPP-transgenic mice that started to show senile plaques after 50 days. Considering that the number and size of the Aβ plaques increased with age, the mice were scanned at different ages: 50, 75, 100 and older than 200 days in order to monitor the amyloid accumulation. Importantly, in vivo results confirmed a direct correlation between the enhancement of the fluorescence intensity signal and the increasing age of the mice (Fig.10b) . As expected, ex vivo experiments proved that fluorescent signal changes were due to the different Aβ loads. Nevertheless, higher sensitivity is needed to real-time monitor cerebral amyloid deposits by using NIR imaging, even if THK-265 could represent a possible candidate to track AD progression and evaluate the efficacy of anti-AD drug.
DANIRs
Although all the NIR probes for Aβ imaging discussed so far are able to cross the BBB and label selectively the amyloid plaques, they still show limitations that need to be overcome. For example, NIAD-4 (1) could not be detected in mice with an intact cranium, BODIPY7 (6) and BAP-1 (7) exhibited poor BBB permeation, AOI-1987 (12) showed only moderate affinity for Aβ aggregates and CRANAD-2 (13) displayed a 46 The authors used the push-pull architecture to generate new compounds that consisted of a donor and acceptor connected by a conjugated π electron chain. The N,N'-dimethylamino group was selected as the electron donor because of its known ability to redshift light absorption, and a dicyanomethylene group was chosen as acceptor. The donor-acceptor system was separated by a polymethine moiety that was expected to further push both absorption and emission wavelength toward the NIR spectral region. In this regard, different lengths of the conjugated chain were explored, leading to the generation of three compounds that the authors designed as DANIRs (compounds 16-18, Fig.  11a ). As expected, a native fluorescent study performed in PBS revealed that the molecule with the longer chain, compound 18, showed the most red-shifted emission wavelength at 665 nm. This behaviour was due to the fact that an extended conjugated system reduces the energy gap between HOMO and LUMO, resulting in a significant bathochromic shift on the emission wavelength. Such effect is further reinforced by the fact that the whole structure is approximately planar. In order to establish the application of these molecules as Aβ sensors, a series of in vitro experiments were carried out. First, their binding affinities to Aβ aggregates were evaluated. The results showed that compound 18 possessed the highest affinity to amyloid fibrils, displaying an inhibition constant (K i ) of 36.9 nm, showing that the length of the conjugated bridge plays a critical role for Aβ binding. The specific labelling to senile plaques was confirmed by an in vitro neuropathological fluorescence staining on brain slice from AD patients and APP transgenic mice.
Another important feature of a NIR probe is its ability to increase the fluorescence intensity upon binding to Aβ aggregates. Interestingly, compound 18 showed a significant enhancement of the fluorescent quantum yield (12-fold) upon association with the fibrils. It is interesting to note that this molecule showed low toxicity, good stability in human serum and weak interactions with bovine serum albumin (BSA). Due to all these favourable properties, compound 18 was selected for in vivo experiments to prove its potential to visualize Aβ plaques in vivo using NIR imaging. First, the NIR imaging was carried out on the normal mice to study the biodistribution and brain kinetics of 18. The data demonstrated that it was able to cross the BBB and could be quickly washed out from the brain. Thus, following administration of 18 to APPswe/PSEN1 double transgenic mice, the fluorescent signal detected was remarkably higher than that for the wild-type control. Importantly, this specific labelling was confirmed ex vivo (Fig. 11b) . Taken in the aggregate, these results confirmed that compound 18 meets the requirements for an ideal NIR probe.
Theranostics
As discussed in the introduction, the amyloid aggregates have been historically considered as the post-mortem neuropathological hallmarks of AD and, more recently, the proper biomarker for clinical diagnosis. At the same time, amyloid aggregates have been viewed as a potential therapeutic target for drug discovery, and tremendous effort has been expended in the last years on developing new molecules capable of inhibiting Aβ aggregation. 47 These considerations open the possibility to develop fluorescent probes able to detect amyloid deposition and, at the same time, provide therapeutic strategies. In other words, such molecules could act as theranostics. 4 This neologism emphasizes the ability of a properly designed agent to integrate imaging and therapeutic functions in a single platform. Despite the fact that research in this field is just at its beginning, several examples of nanoparticles for improving diagnosis and therapy of AD have already been reported. 48 . In parallel to nanoparticles, the possibility of developing theranostic small molecules was recently explored by us via the generation of a library of styrylquinoline derivatives and the investigation of their profile in terms of therapeutic and diagnostic properties against two PMD such as AD and prion diseases. 49 It is interesting to note that quinoline compounds were also identified as candidates for tau imaging tracer. The synthesized styrylquinoline derivatives exhibited a promising activity against prion replication in ScGT1 cell model, while showing no appreciable cytotoxicity. In particular (E)-6-methyl-4-amino-2-styryl-quinoline G8 (19) displayed a remarkable submicromolar activity (EC 50 = 0.5 ± 0.1 µM). We also verified its activity as an inhibitor of Aβ and PrP Sc aggregation in vitro. In addition, we could predict the ability of 19 to cross the BBB in a parallel artificial membrane permeation assay for the BBB (PAMPA-BBB). To corroborate the possibility of employing this compound as a useful NIR amyloid-binding probe, we investigated its native fluorescence in a variety of polar and non-polar environments modeling its interaction with proteins. Interestingly, we noted that the fluorescent spectra of the hydrochloride form of 19, in its solid state, showed an emission maximum above 600 nm (NIR region). As another positive feature, 19 significantly changed its fluorescence properties upon binding to Aβ aggregates, while having weak interactions with BSA. To confirm the labeling of amyloid aggregates in living cells, fluorescent staining with G8 was carried out using the same ScGT1 cell model. We found that 0.025% of G8·HCl (0.84 mM) was sufficient to observe many fluorescent spots in the treated cells examined with a fluorescence microscopy using a ThS filter set (within the NIR optical window). Importantly, no spots were observed in the uninfected cells, confirming a specific binding to amyloid protein. In summary, G8 represents a promising starting point for further improvement in terms of activity and bioimaging for a possible application in vivo. Fig. 12 The integrated therapeutic and diagnostic features of G8 (19) . It detects amyloid aggregates and inhibits amyloid aggregation with no apparent toxicity.
Conclusions
In the last decade several progresses have been done in the field of bioimaging using non-invasive fluorescent NIR probes. In this review we report a series of molecules that turned out to be able to image Aβ plaques in vivo in animal models, highlighting the improvements that have been achieved since the discovery of the first NIR sensor that required a cranial window to be detected until the generation of smart probes capable of real-time monitoring the progress of AD in transgenic mice with intact cranium. Furthermore, with the multi-modal fluorescence imaging, it would be feasible to track biomarkers at depths up to 3-5 cm, which should be sufficient to diagnose and monitor AD progression. Particular attention was given to the molecular design of the probes to red-shift their fluorescent emission toward the NIR spectral region and all the structural modifications of existing NIR dyes to improve their photophysical and photochemical properties were described. In addition, we outlined the high importance of NIR imaging as a versatile and sensitive method for studying the potential effectiveness of anti-AD drug candidates in small animals, since PET is not ideal for this purpose. Nevertheless, despite the favourable features of the reported NIR probes for their in vivo application and the great strides forward that have been made, their translation into the clinical practice remains challenging and further optical improvements and technological evolutions are needed. 
